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composition-tunable	chemical	arrangement	 is	rationalized	 in	terms	of	a	 four-step	growth	process	 in	which	the	very	first	




To	 extend	 the	 range	 of	 properties	 of	 intermetallic	
nanomaterials	and	their	performance,	a	detailed	understanding	
of	 their	 structures	 and	mechanisms	behind	 their	 formation	 is	
needed.	 In	particular,	 the	 influence	of	the	very	 initial	stage	of	
nanoparticle	nucleation,	 in	which	few	atoms	meet	and	form	a	
small	growing	nucleus,	has	not	yet	been	studied	experimentally	
at	 the	 atomic	 level.	 An	 important	 issue,	 which	 arises	 in	 this	
context,	is	whether	this	initial	nucleation	stage	can	be	decisive	
for	 determining	 the	 atomic	 arrangement	 of	 the	 resulting	
nanoparticles	 at	 the	 end	 of	 their	 growth	 process.	 Here,	 we	





to	 0.9,	 prior	 to	 deposition.	 Combination	 of	 scanning	
transmission	electron	microscopy	(STEM),	X-ray	photoelectron	
spectroscopy	 (XPS)	 and	 reflection	 X-ray	 absorption	 fine	
structure	 spectroscopy	 (Refl-XAFS)	 indicate	 that	 the	 resulting	
nanoparticles	always	have	mixed	cores	and	nearly	pure	shells,	
with	 the	 minority	 component	 always	 enriching	 the	 core	 but	
being	scarce	 in	 the	shell.	This	surprising	 inversion	of	chemical	
ordering	depending	on	composition	is	explained	by	a	four-step	
growth	 process	 of	 general	 character	 in	 which	 the	 very	 initial	




unique	 plasmonic,3	 catalytic,4,	 5	 electronic	 and	 magnetic6	




in	 BNPs	 plays	 a	 pivotal	 role	 in	 deﬁning	 the	 geometric	 and	
electronic	structure	of	their	surface,	which	in	turn	determines	
their	 physicochemical	 properties.12,	 13	 As	 a	 large	 variety	 of	
chemical	 arrangements,1,	 2	 such	 as	 mixed	 alloy,	 core-shell,	
segregated	 subcluster,	 and	 onion-like,	 are	 possible	 for	
nanoalloys,	 it	 is	 essential	 to	 understand	 and	 control	 the	
molecular	mechanisms	of	synthesis	 to	produce	BNPs	with	the	
desired	structure.14	
Although	 BNPs	 with	 relatively	 uniform	 size,	 composition,	
and	 atomic	 arrangements	 can	 nowadays	 be	 synthetized	 by	
various	colloidal	synthetic	protocols,15,	16	very	little	is	known	of	
the	 underlying	 particle	 growth	 mechanisms.	 Recently	 a	 clear	
impact	of	 the	nature	of	 the	pre-nucleation	species	 in	solution	






growth	 processes	 experimentally	 is	 still	 difficult17,	 19	 and	







of	 composition	 and	of	 nucleation	 and	 growth	processes.	 CBD	




of	 the	 species	present	during	 the	 (pre)nucleation	 and	growth	






NPs27	 can	 be	 further	 enhanced	 and	 tuned	 as	 a	 function	 of	
composition	 through	alloying	with	Ag.10,	15	 Enhanced	 catalytic	
activity	and	selectivity	due	to	the	synergistic	effect	of	combining	
gold	 and	 silver	 has	 been	 reported.10,	 28,	 29	 Plasmon-mediated	
catalysis30,	31	shows	a	clear	“volcano	type”	relationship	between	
chemical	 composition	 and	 catalytic	 activity	 of	 Au-Ag	 BNPs.32	
Finally	Au-Ag	BNPs	are	increasingly	prominent	in	biomedicine33	
due	 to	 their	 photothermal	 properties,34	 combined	 with	 the	




Due	 to	 identical	 lattice	 constants	 for	 Au	 and	 Ag,37	 direct	
lattice	imaging	of	Au-Ag	BNPs	using	TEM	is	not	very	informative	
and	 experimental	 reports	 on	 quantitative	 surface	 enrichment	
are	 rare.38,	 39	 Element	 selective	 HAADF-STEM,	 XPS	 and	 XAFS	




with	 unclear	 and	 sometimes	 contradictory	 results	 while	 no	








role	 of	 the	 nucleation	 stage	 in	 controlling	 this	 final	 spatial	
architecture	of	the	BNPs	is	highlighted	with	the	aid	of	DFT-based	
theoretical	 calculations	 and	 a	 four-step	 growth	 process	 is	
proposed.	
Results	and	Discussion	










S1).	 The	 precise	 required	 composition	 of	 Au-Ag	 clusters	 was	
obtained	by	modulating	 the	 laser	 intensities	 ablating	 the	 two	
targets	 independently	 to	 produce	 Au0.9Ag0.1,	 Au0.7Ag0.3,	










Au-Ag	 BNPs	 as	 a	 function	 of	 their	 composition,	 gas-phase	
AuxAgx-1	clusters	(x	=	0.2,	0.4,	0.5,	0.7	and	0.9)	were	deposited	
directly	 on	 TEM	 grids	 to	 yield	 random	 arrays	 of	 Au-Ag	 BNPs.	
They	 were	 investigated	 by	 STEM-HAADF	 whose	 signal	
brightness	is	directly	related	to	the	elemental	atomic	number	Z.	
Due	 to	 the	 large	 Z	 difference	 between	 Au	 (79)	 an	 Ag	 (47)	 a	






of	 the	 BNP	 diameter	 in	 silver-rich	 compositions	 due	 to	 their	
flattening	on	the	support	(see	below).		
Figure	 1	 presents	 STEM	 images	 of	Au-Ag	BNPs	 along	with	
their	normalised	quantitative	radial	intensity	profile	integrated	
over	 the	 polar	 coordinate	 and	 simulated	 STEM	 radial	 profiles	
corresponding	 to	 pure	 Au	 NPs,	 pure	 Ag	 NPs	 and	 phase	
segregated	structures.	Detailed	inspection	of	the	STEM	images	
shows	that	 for	all	compositions	except	Au0.5Ag0.5	a	contrasted	
dark	 core	 /	 bright	 shell	 or	 bright	 core	 /	 dark	 shell	 pattern	 is	
observed,	 while	 for	 the	 case	 of	 Au0.5Ag0.5,	 a	 uniform	
intermediate	 intensity	 prevails	 over	 the	 whole	 cluster.	 This	
indicates	 different	 levels	 of	 mixing	 and	 atomic	 arrangements	
are	 occurring	 in	 the	 deposited	 clusters	 as	 a	 function	 of	 their	
composition.		
For	gold	rich	BNPs	the	core	appears	darker	than	the	shell,	
while	 for	 silver	 rich	 ones	 the	 reverse	 is	 observed	 showing	 a	
composition-tunable	atomic	arrangement.	This	is	corroborated	
by	 the	 STEM	profiles	 of	 the	 BNP	 cores	 that	 lie	 systematically	
between	 the	 simulated	 profiles	 of	 pure	 gold	 and	 pure	 silver	




radius	 of	 each	 BNP	 was	 obtained	 by	 simulating44	 the	 STEM	
signal	 intensity	 with	 different	 Au-Ag	 compositions	 from	 the	
centre	 to	 the	 edge	 of	 the	 BNPs.	 The	 obtained	 results	 are	
presented	in	Figures	1f	to	1j	and	indicated	with	red	dash	lines.	
In	 all	 the	 investigated	 BNPs,	 except	 in	 Au0.5Ag0.5,	 the	 core	
composition	varies	as	a	function	of	the	position	along	the	BNP	
radius.	 In	 gold	 rich	 Au0.9Ag0.1	 the	 centre	 of	 the	 cluster	 is	
composed	 of	 ca.	 95%	 of	 Ag	 and	 the	 silver	 concentration	
decreases	along	the	radius	to	reach	0%	at	a	distance	of	0.7	nm	
from	the	BNP	centre.	On	the	other	hand,	in	silver	rich	Au0.2Ag0.8,	




an	 amorphous	 and	 highly	 dispersed	 phase	 around	 the	 NP	
metallic	core	 in	 the	STEM	 images	of	Au0.2Ag0.8	and	to	a	 lesser	
extent	of	Au0.4Ag0.6	BNPs	(see	Figures	1i	and	1j).	The	absence	of	




an	 increase	 in	 the	 apparent	 average	 diameter	 in	 Au0.2Ag0.8	 is	
observed,	 likely	due	 to	 the	presence	of	 this	amorphous	oxide	
outer	shell.	
Detailed	analysis	of	the	STEM-HAADF	images	clearly	shows	
the	 presence	 of	 a	 stable	 composition-tunable	 spatially	
segregated	atomic	arrangement	in	ca.	3	nm	bimetallic	AuxAg1-x	
with	the	minority	element	always	preferentially	located	in	the	
core	 of	 the	 particle.	 When	 the	 two	 elements	 are	 in	 equal	
amounts	a	full	mixing	of	Au	and	Ag	is	observed.	
Additional	 information	 on	 the	 composition-tunable	
arrangement	 and	 the	 charge	 transfers	 occurring	 between	 Ag	
and	Au	atoms	in	AuxAg1-x	(x	=	0,	0.1,	0.3,	0.5,	0.7,	0.9	and	1)	BNPs	
was	 obtained	by	 XPS.	 Ag	 3d	 and	Au	 4f	 split	 due	 to	 spin-orbit	
coupling	 into	 Ag	 3d3/2,	 Ag	 3d5/2,	 Au	 4f5/2	 and	 Au	 4f7/2	 peaks,	
respectively,	 and	O	1s	 spectra	with	 best	 fits	 are	 presented	 in	
Figure	S4.	Analysis	of	O	1s	peaks	shows	that	the	main	signal	is	
from	the	SiO2	support	and	a	contribution	of	Ag	oxide	(AgO	ca.	
530	eV,	Ag2O	ca.	529	eV)	 is	only	present	 in	Ag	rich	BNPs	 (x=0	
and	0.1)	with	a	contribution	never	exceeding	1%	of	the	total	O	
1s	peak.	Analysis	of	the	binding	energies	(BE)	peak	positions	of	
Au	 4f5/2,	 Au	 4f7/2,	 Ag	 3d3/2	 and	 Ag	 3d5/2	 as	 a	 function	 of	
composition	(Figure	S4)	show	that	Ag	3d	BE	in	all	AuxAg1-x	BNPs	
are	 always	 smaller	 than	 that	 of	 pure	 Ag	 NPs.	 As	 the	 Ag	 BE	
decreases	with	 increasing	oxidation	state	due	to	 its	core-level	
photoemission,45,	 46	 this	 evolution	 points	 out	 a	 systematic	
partial	 electron	 transfer	 from	 Ag	 to	 Au	 atoms	 or	 to	 the	 SiO2	
support	in	all	BNPs.	This	is	further	confirmed	by	the	BEs	of	the	
Au	4f	contribution	showing	the	reduction	of	Au	atoms	by	Ag	in	
Au	 rich	 BNPs	 and	 their	 oxidation	 by	 electron	 transfer	 to	 the	






The	 respective	 fractions	 of	 pure	 Au,	 pure	 Ag	 and	 Au-Ag	










(83.7	eV	 to	84.6	eV	and	87.3	eV	 to	88.3	eV)	 in	Au	4f	 spectra,	
respectively,	are	presented	in	Figure	2.	The	results	indicate	that	
the	minority	 element	 always	 tends	 to	 form	 an	 alloyed	 phase	
while	a	large	fraction	(up	to	40%)	of	the	majority	element	forms	
a	pure	phase.	
To	 further	 characterize	 the	 BNPs	 atomic	 arrangement,	
identify	 the	different	phases,	 and	quantify	 the	exact	 levels	of	
mixing	 and	 segregation	 corresponding	 to	 the	 dark	 and	 bright	
regions	 in	 the	 final	 Au-Ag	 BNPs,	 we	 carried	 out	 a	 XAFS	
investigation	of	Au0.9Ag0.1,	Au0.7Ag0.3,	Au0.5Ag0.5,	Au0.3Ag0.7,	and	
Au0.1Ag0.9	 clusters	 deposited	 on	 inert	 SiO2	 at	 the	 Ag	 K-edge.	
Unlike	XRD	and	conventional	TEM,	XAFS	can	detect	alloying	in	a	
few-atom	 size	 Au-Ag	 bimetallic	 system	 and	 even	 when	 the	
interatomic	distances	of	the	alloy	and	the	pure	metal	are	very	
similar.40	 The	 interference	 between	 Ag	 and	 Au	 phase	 shifts	
indeed	generates	a	characteristic	beat	in	the	XAFS	that	appears	




between	 Au	 and	 Ag	 atoms.50	 The	 XAFS	 technique	 is	 also	
complementary	to	electron	microscopy	since	it	allows,	as	a	bulk	
technique,	the	 investigation	of	a	more	representative	amount	
of	 clusters.	 However,	 to	 ensure	 that	 the	 BNPs	 always	 stay	
isolated	on	the	SiO2	support	their	coverage	was	kept	to	a	very	









Au-Ag	 alloys	with	 distinct	 shape	 and	 intensity	 ratios	 for	 each	
compound,	evidencing	that	a	significant	 level	of	Au-Ag	atomic	
mixing	exists	in	most	of	the	investigated	compositions.		




Ag-Ag	 contributions	 dominating	 in	 gold-rich	 and	 silver-rich	
compositions,	respectively.	Metallic	coordination	numbers	(NAg-
Ag	and	NAg-Au),	 obtained	 for	 these	 sizes	 in	 the	 spherical	 shape	
approximation,	 were	 generally	 smaller	 than	 expected,	 in	





BNPs	 on	 the	 SiO2	 surface	 compared	 to	 their	 Au-rich	
counterparts	 (Figure	 S6).	 This	 is	 likely	 resulting	 from	 the	









This	points	out	 the	 formation	of	ca.	 60%	 (NAg-O	=	1.2	 /NAg-O	in	
Ag2O	or	Ag/Si	oxides
37	=	2)	of	an	highly	dispersed	Ag	oxide	phase	
at	 the	BNP/support	 interface.	This	 is	also	visible	 in	 the	STEM-
HAADF	image	of	Au0.2Ag0.8	and	to	a	lesser	extent	of	Au0.4Ag0.6.	In	
gold-rich	BNPs	a	limited	amount	of	Ag	oxide	is	found	confirming	






3b	 and	 3c.	Whereas	 RAg-Au	 is	 close	 to	 the	 bulk	 values	 of	 both	


















The	charge	transfer	 from	Ag	to	Au	atoms	 is	 indeed	clearly	











line	with	 the	Ag	3d	XPS	 results,	 this	XANES	 red-shift	 indicates	
the	formation	of	electron-depleted	alloyed	metallic	Ag	due	to	
their	transfer	to	gold	atoms.	This	charge	transfer	that	is	stronger	
in	 Au	 rich	 BNPs	 is	 likely	 stabilizing	 the	 Ag	 core	 against	 the	
galvanic	 replacement	 reaction,	which	 explains	 the	 stability	 of	






rich	 clusters	 and	 reaches	 a	 plateau	 in	 Ag	 rich	 compositions	





wafers.	 Au-Ag	 BNPs	 are	 predominantly	 segregated	 with	 a	
composition-tunable	inversion	of	the	relative	position	of	Ag	and	
Au,	i.e.,	the	less	abundant	element	is	always	located	in	the	core	
forming	an	alloy	while	 the	most	abundant	one	 is	 in	 the	outer	
shell	of	the	BNP	with	a	significant	fraction	(up	to	40%)	forming	
a	pure	phase	at	the	surface.	Due	to	the	lack	of	protecting	ligands	
a	 limited	 fraction	of	 the	Ag	atoms	 located	at	 the	BNP	surface	
forms	 a	 dispersed	 amorphous	 oxide	 phase.	 Although	 two	





the	 nucleation	 and	 growth	 stage	 occurring	 in	 the	 gas-phase	
before	their	deposition.		
To	 test	 this	 hypothesis	 and	 better	 understand	 how	 the	
composition	 directly	 tunes	 the	 very	 different	 atomic	
arrangements	observed	in	the	final	structures	of	Au-Ag	BNPs	we	
investigated	the	mechanism	of	Au	and	Ag	atom	mixing	at	 the	
(pre)nucleation	 stage	 both	 theoretically	 using	 DFT	 and	
experimentally	 using	 RToF-MS.	 Although	 gas-phase	 cluster	
formation	 is	 believed	 to	 proceed	 via	 fast	 collision	 of	 hot	
vaporized	metal	 atoms	 from	 the	 target	with	 inert	 gas	 atoms,	
very	little	is	known	on	the	details	of	the	nucleation	and	growth	
process.54	 It	 is	 generally	 accepted	 that	 the	 first	 step	 of	 the	
cluster	 growth	 comprises	 the	 formation	 of	 embryos55,	 56	
consisting	 of	 ultra-small	 clusters	 of	 a	 few	 atoms57	 through	
three-body	 collisions.	 Upon	 embryo	 stabilization,	 the	 cluster	
may	 then	 further	 grow	 via	 cluster-cluster	 collision	 and/or	
atomic	vapour	condensation.58	
While	 a	 limited	 amount	 of	 work	 on	 the	 formation	 of	





energy	 in	 dimer,	 trimer,	 and	 tetramer	 clusters	 using	 spin-
unrestricted	density	functional	theory	with	the	PBE	functional	
(see	methods).		
Figure	4a	shows	that,	 in	the	case	of	 tetramer	clusters,	 the	
mixing	energy	of	Au2Ag2	corresponds	to	a	clear	minimum.	This	
value	 is	 0.8	 eV	 lower	 than	 for	 the	monometallic	 clusters	 and	
implies	 that	 the	 formation	 of	 bimetallic	 Au2Ag2	 clusters	 is	
energetically	 most	 favourable.	 Although	 this	 observation	 is	
made	 here	 specifically	 for	 four-atom	 clusters,	 this	 behaviour	
also	 applies	 to	 other	 small	 cluster	 nuclearities.	 It	 can	 also	 be	
generalized	 to	 other	 types	 of	 alloys	 since	 strongly	 negative	
mixing	energy	 in	 small	 clusters	have	been	 reported	 in	 several	
bimetallic	systems.	These	calculations	concern	miscible	systems	
such	 as	 for	 example	 PdCo60	 and	 AuPd,61	 and	 even	 systems	
whose	 mixing	 energy	 is	 positive	 in	 the	 bulk,	 but	 not	 at	 the	
nanoscale,	 such	 as	 AgCu62	 and	 AgNi.63	 A	 consequence	 of	 this	
behaviour	 is	 that	 the	 relative	 abundance	 of	 the	 ultra-small	









of	 Au0.7Ag0.3	 and	 Au0.4Ag0.6	 with	 binomial	 combinatorial	 calculations	 of	 trimer	 (red),	
tetramers	 (orange),	 pentamer	 (green)	 and	 hexamer	 (blue)	 are	 shown	 in	 (c)	 and	 (d),	
respectively.	
This	 hypothesis	 is	 nicely	 supported	 experimentally	 by	 the	
















trimer	 to	 hexamer	 clusters	 forming	 during	 the	 Au0.7Ag0.3	 and	
Au0.4Ag0.6	productions,	the	bimetallic	trimers	and	tetramers	are	
present	 in	 significant	 excess	 compared	 to	 the	 abundance	
expected	 for	 the	 binomial	 combination	 (Figure	 4b).	 On	 the	











is	 responsible	 for	 the	 composition-tunable	 segregation	
behaviour	 of	 Ag	 and	 Au	 in	 the	 Au-Ag	 BNPs	 deposited	 on	
supports.	 Energetically	 favourable	 ultra-small	 bimetallic	
clusters	 are	 likely	 to	 form	 before	 their	 monometallic	
counterparts	 from	 the	 gas	 mixture	 of	 Au	 and	 Ag	 monomers	
present	 in	 the	chamber	during	 laser	ablation	and	this	process	
results	in	depleting	the	atoms	of	the	minority	element.64	These	
small	 bimetallic	 clusters	 may	 then	 rapidly	 agglomerate	 by	
cluster-cluster	 collisions	 into	 larger	 nuclei	 keeping	 a	 similar	
average	composition.	These	nuclei	could	form	the	core	of	BNPs	
that	 will	 appear	 systematically	 enriched	 with	 the	 minority	
element,	except	obviously	for	Au0.5Ag0.5.	Monometallic	clusters	






Interestingly,	 similar	 processes	 have	 been	 reported	 for	
monometallic65,	 66	 and	 bimetallic17	 gold-based	 NPs	 growth	 in	
solutions.	 For	 monometallic	 NPs,	 formation	 of	 small	 clusters	
from	 the	 Au	 monomers	 after	 partial	 reduction	 of	 the	 gold	
precursor	was	identified	as	the	first	step	of	the	growth	process.	
These	 clusters	 then	 formed	 seed	 particles	with	 radii	 >	 1.5nm	
attracting	 the	 remaining	 gold	 ions	 in	 two	 steps	on	 top	of	 the	
seed	particles'	surfaces	until	the	precursor	is	fully	consumed.	In	
mixed-metal	 pre-nucleation	 of	 multinuclear	 metal-thiolate	
complexes,	ultra-small	tetramer	bimetallic	Au-Cu	clusters	were	
found	to	play	a	critical	role	in	obtaining	alloyed	Au-Cu	BNPs	in	
solution,	 similar	 to	 the	 observations	 we	 here	 make	 for	 gas-
phase	growth	in	the	laser	ablation	cluster	source.	Conversely,	in	
two-phase	 syntheses,	 where	 these	 mixed	 metal-thiolate	 pre-
nucleation	 species	 were	 absent,	 the	 formation	 of	 core-shell	
architectures	was	observed.36		




final	 spatial	 atomic	 organization	 of	 the	 BNPs	 deposited	 onto	
supports.	We	propose	a	4-step	schematic	representation	of	the	
















nucleation	 are	 bimetallic	 ultra-small	 clusters	 (up	 to	 4	 atoms)	
whose	excess	abundance	 is	detected	with	mass	 spectrometry	
(II).	 In	 a	 second	 stage,	 these	 bimetallic	 clusters	 aggregate	
immediately	 into	 bimetallic	 nuclei/seeds	 that	 will	 form	 the	
alloyed	 core	 of	 the	 BNPs	 enriched	 in	 the	 minority	 element	
observed	 by	 STEM	 (III).	 The	 remaining	 part	 of	 the	 clusters	 or	
monomers	enriched	in	the	majority	element	that	were	formed	
later	due	to	their	less	favourable	mixing	energy	aggregate	onto	
the	 preformed	 nuclei/seeds	 to	 form	 the	 pure	 and	 alloyed	
majority	element	outer	shell	of	the	BNPs	(IV).		
The	 proposed	 growth	 process	 may	 explain	 why	 the	 final	
atomic	 arrangement	 of	 Au-Ag	 BNPs	 presents	 a	 unique	
composition-tunable	 core-shell	 inversion	 with	 a	 systematic	
location	of	the	minority	and	majority	elements	respectively	 in	
the	 alloyed	 core	 and	 in	 the	 rather	 pure	 outer	 shell	 of	 BNPs	
observed	with	STEM,	XPS	and	Refl-XAFS.	When	the	fraction	of	
each	 element	 is	 equal,	 as	 in	 Au0.5Ag0.5,	 the	 (pre)nucleation	
mixed	cluster	composition	reflects	the	global	composition	and	








We	 believe	 that	 this	may	 also	 apply	 to	 the	 synthesis	 of	 a	
large	variety	of	bimetallic	systems	in	the	gas-phase	but	also	in	














Their	 combined	 structural	 characterization	 carried	 out	 by	
HAADF-STEM,	XPS	and	Refl-XAFS,	showed	that	both	Au	rich	and	
Ag	 rich	 Au-Ag	 BNPs	 compositions	 are	 segregated	 with	 the	
minority	 element	 systematically	 predominant	 in	 the	 alloyed	
core	of	 the	BNP;	 the	majority	element	 is	 located	 in	 the	outer	
shell	with	a	significant	fraction	of	pure	phase.	This	composition-
tunable	core-shell	arrangement	is	explained	by	the	lower	mixing	
energy	 of	 bimetallic	 ultra-small	 clusters	 that	 favours	 their	
formation	over	their	pure	counterparts	in	the	early	stage	of	the	
gas	phase	nucleation	process.	As	 favourable	mixing	energy	of	
bimetallic	 ultra-small	 clusters	 is	 common	 to	 many	 bimetallic	
systems	 the	 proposed	 4-step	 growth	 mechanism	 leading	 to	
composition-tunable	 chemical	 ordering	 inversion	 is	 likely	
applicable	to	other	BNPs	besides	AuAg.	
		 In	summary,	we	showed	that	the	overall	compositions	of	the	
BNPs	 directly	 control	 their	 atomic	 arrangements.	 Precise	
control	of	the	compositions	of	the	nucleation	species	during	the	
synthesis	 of	 BNPs	 may	 contribute	 further	 to	 designing	 novel	




Composition	 controlled	 Au-Ag	 bimetallic	 clusters	 are	
produced	by	pulsed	 laser	 (7	ns,	10	Hz,	Nd:YAG	 lasers,	Spectra	










from	 a	 few	 atoms	 to	 1000	 atoms.68	 In	 this	 study,	 the	 cluster	
production	 is	 optimized	 for	 clusters	 of	 about	 1000	 atoms.	 By	
fine-tuning	the	laser	power,	the	abundance	of	the	two	elements	
can	be	controlled	and	composition	controlled	bimetallic	clusters	
are	 formed.	 The	 cluster	 source	 is	 cooled	 by	 liquid	 nitrogen,	
resulting	 in	clusters	with	a	 temperature	of	about	100	K.	After	















Charged	 clusters	 formed	 directly	 in	 the	 source	 or	 neutral	
clusters	 are	 post-ionized	 by	 pulsed	 F2	 excimer	 laser	 (10	 Hz,	
Lambda	 Physik	 OPTEX)	 photons	 (photon	 energy	 7.9	 eV,	
wavelength	 157	 nm),	 and	 are	 subsequently	 accelerated	
electrostatically	and	mass	analysed	by	reflectron	time-of-flight	
mass	spectrometry	with	a	mass	resolution	M/ΔM	≈	150	at	591	
amu	 and	 M/ΔM	 ≈	 250	 at	 1970	 amu.	 A	 composition	 analysis	
method	based	on	 the	binomial	 theorem	analysis	of	 the	ultra-
small	 cluster	 region	 of	 the	 mass	 spectra	 was	 developed	 to	
determine	 the	 composition	 of	 the	 Au-Ag	 clusters	 with	 high	
precision.	 With	 the	 direct	 proportionality	 of	 the	 intensity	 of	
each	 MS	 peak	 to	 the	 abundance	 of	 each	 type	 of	 bimetallic	
clusters	and	by	assuming	an	identical	ionization	probability	for	
clusters	with	 the	same	number	of	atoms	N,	such	as	AuN,	AuN-
1Ag1,	 AuN-2Ag2,	 AuN-3Ag3…,	 the	 intensity,	 𝐼"#$%&"'$%( of	 the	𝐴𝑢+%&𝐴𝑔+%( cluster	 with	𝑁"# number	 of	 Au	 atoms	 and	𝑁"'	
number	 of	 Ag	 atoms	 can	 be	 described	 by	 a	 binomial	
combinatorial	relationship:	
	 I"#$%&"'$%( ∝ (+%&1+%()!+%&!+%(! [𝐴𝑢]+%& [𝐴𝑔]+%( ,	 	 (1)	
	
where	 𝐴𝑢 	and	 𝐴𝑔 	are	the	normalized	atomic	fractions	of	Au	
and	Ag	elements,	respectively.		
Experimental	RToF-MS	spectra	for	each	cluster	composition	
were	 fitted	 to	 equation	 (1)	 using	 an	 in-house	 developed	
program	 to	 determine	with	 high	 precision	 the	 global	 average	
composition	of	5	to	15-atom	ultra-small	clusters.	An	example	of	
the	 excellent	 match	 between	 the	 experimental	 and	 the	
simulated	 spectra	 corresponding	 to	 a	 global	 composition	 of	




of	 defined	 composition	 (35.4%	 Au	 and	 64.6%	 Ag,	 ACI	 alloy)	
(Figure	S8b)	shows	that	the	simulated	composition	of	Au0.4Ag0.6	
(35.9	 ±	 0.7%	 Au	 and	 64.1	 ±	 0.7%	 Ag),	 closely	 matches	 the	





4%	 Au	 and	 62%	 ±	 4%	 Ag)	 was	 also	 determined	 for	 the	
corresponding	 Au-Ag	 	 BNPs	 	 deposited	 on	 SiO2	 wafer	 by	















Rutherford	 backscattering	 spectroscopy	 experiments	
(Figure	S9)	were	performed	using	a	collimated	mono-energetic	
He+	 beam	 accelerated	 by	 a	 dual	 Pelletron	 and	 steered	 into	 a	
scattering	 chamber.	 In	 this	 study,	 the	 10	 nA	 He+	 beam	 was	
focused	 to	 2	 mm2	 with	 kinetic	 energy	 in	 1.57	 MeV.	 The	









distribution	 of	 the	 Au-Ag	 BNPs	 were	 measured	 with	 low	
magnification	images	for	more	than	100	BNPs.	The	cluster	size	
was	 determined	 by	 measuring	 the	 diameter	 cross-section	 of	
individual	 clusters.	 Assignment	 of	 core-shell	 structure	 was	
possible	 because	 of	 the	 Z-contrast	 of	 HAADF-STEM	 (Z	 is	 the	
elemental	 atomic	 number).	 The	 HAADF-STEM	 intensity	 is	
proportional	 to	 Z1.46	with	 the	 camera	 length	 employed.70	 The	
large	 difference	 of	 the	 atomic	 number	 between	 Au	 and	 Ag	
(ZAu=79;	ZAg=47)	allows	us	to	distinguish	the	elemental	atomic	
arrangement	 within	 the	 clusters	 directly	 from	 HAADF-STEM	
image	intensity	contrast.	The	STEM	image	analyzes	were	carried	
out	with	the	imageJ	Fiji	software.	The	intensity	profile	of	each	
single	cluster	was	obtained	by	 first	 finding	the	position	of	 the	
centre	 through	 averaging,	 and	 then	 binning	 the	 intensity	 in	
















XAFS	 experiments	 were	 performed	 in	 total	 reflection	 in	
fluorescence	detection	mode	at	Ag	K-edge	(25514	eV)	on	BM08-






chambers	 filled	 with	 Ar	 gas.	 For	 each	 sample	 a	 reflectivity	
spectrum	 was	 collected	 and	 the	 data	 collection	 angle	 was	
defined	 as	 about	 80%	 of	 the	 critical	 value	 for	 total	 external	
reflection.	 In	 this	way	 the	 X-ray	 beam	 probes	 only	 a	 few	 nm	
below	the	surface	enhancing	the	signal	from	the	overlayer	and	
minimizing	that	of	the	substrate.	
The	 X-ray	 fluorescence	 yield	 from	 the	 Ag-Kα	 line	 was	
collected	using	a	multi-element	HP-Ge	detector	array.	Due	 to	
the	 limited	 fluorescent	 yield	 of	 Au	 L3	 edge	 that	 would	 have	
required	 excessive	 measurement	 times	 no	 data	 could	 be	
obtained	at	Au	L3	edge	with	this	dilution.	
Data	reduction	of	the	experimental	X-ray	absorption	spectra	
was	 performed	 with	 the	 program	 EXBROOK.71	 Background	
subtraction	 and	 normalization	was	 carried	 out	 by	 fitting	 (i)	 a	
linear	polynomial	to	the	pre-edge	region	in	order	to	remove	any	
instrumental	 background	 and	 absorption	 effects	 from	 other	
edges	and	(ii)	cubic	splines	simulating	the	absorption	coefficient	
from	 an	 isolated	 atom	 to	 the	 post-edge	 region.	 XAFS	
refinements	 were	 performed	 with	 the	 EXCURVE	 package.71	
Phase	shifts	and	backscattering	factors	were	calculated	ab	initio	
using	 Hedin-Lundqvist	 potentials.	 Fourier-transformation	 was	
applied	 to	 convert	 the	 k	 space	 spectra	 to	 r	 space	 with	 k3	
weighting	 to	 compensate	 for	 the	 dampening	 of	 the	 XAFS	
amplitude	with	 increasing	k.	The	structural	models	were	built	
up	with	 silver	and	surrounding	atoms	such	as	 silver,	gold	and	
oxygen.	 The	 fitting	 results	 are	 presented	 in	 Table	 S1.	 The	




Spin	 unrestricted	 calculations	 were	 performed	 within	 the	
Density	 Functional	 Theory	 approach	 implemented	 in	 the	
Quantum-Espresso	 package72	 with	 available	 ultrasoft	
pseudopotentials.73	 For	 exchange	 and	 correlation,	 the	 spin	




density,	 respectively.	 Convergence	 tests	 were	 made	 using	
cutoffs	of	60	and	240	Ry.	The	mixing	energy	is	defined	here	as	





hence	can	be	written	as:		𝐸789 "#:"'; = 𝐸= "#:"'; − 7+ 𝐸= "#$ − ?+ 𝐸= "'$ ,		(2)	
where	𝐸= 	is	 the	 binding	 energy	 and	𝑁 = 𝑚 + 𝑛 	is	 the	 total	
number	 of	 atoms.	 If	 𝐸789 "#:"'; 	<	 0,	 the	 formation	 of	 a	
collection	 of	 N	 𝐴𝑢7𝐴𝑔? 	bimetallic	 clusters	 is	 energetically	
more	 favorable	 than	 that	 of	 a	 collection	 of	 m	𝐴𝑢+ +	 n	𝐴𝑔+ 	
monometallic	 clusters.	 By	 contrast,	 if	𝐸789 "#:"'; 	>	 0,	 the	
formation	 of	 a	 collection	 of	 monometallic	 clusters	 is	






from	 the	 European	 Union's	 Seventh	 Framework	 Programme	
(FP7/2007-2013)	under	grant	agreement	n°	607417	(Catsense).	
We	 also	 thank	 the	 Research	 Foundation	 –	 Flanders	 (FWO,	
Belgium),	 the	 Flemish	 Concerted	 Action	 (BOF	 KU	 Leuven,	
Project	No.	GOA/14/007)	research	program,	Advantages	West	
Midland,	and	Birmingham	Science	City.	The	authors	thank	The	
European	 Synchrotron	 Grenoble,	 France	 (ESRF)	 for	 the	
allocated	 beamtime	 (CH-4479)	 and	 the	 staff	 of	 BM08-LISA	





























12.	M.	 J.	 Hartmann,	 H.	 Hakkinen,	 J.	 E.	 Millstone	 and	 D.	 S.	
Lambrecht,	J.	Phys.	Chem.	C,	2015,	119,	8290-8298.	





























































40.	I.	 J.	 Godfrey,	 A.	 J.	 Dent,	 I.	 P.	 Parkin,	 S.	 Maenosono	 and	 G.	
Sankar,	J.	Phys.	Chem.	C,	2017,	121,	1957-1963.	
41.	R.	J.	Chimentao,	I.	Cota,	A.	Dafinov,	F.	Medina,	J.	E.	Sueiras,	J.	



















50.	S.	 Nishimura,	 D.	 T.	 N.	 Anh,	 D.	 Mott,	 K.	 Ebitani	 and	 S.	










55.	P.	 Milani	 and	 S.	 Iannotta,	 Cluster	 beam	 synthesis	 of	










61.	F.	 Pittaway,	 L.	 O.	 Paz-Borbon,	 R.	 L.	 Johnston,	 H.	 Arslan,	 R.	
Ferrando,	C.	Mottet,	G.	Barcaro	and	A.	Fortunelli,	J.	Phys.	Chem.	
C,	2009,	113,	9141-9152.	
62.	M.	 Molayem,	 V.	 G.	 Grigoryan	 and	 M.	 Springborg,	 J.	 Phys.	
Chem.	C,	2011,	115,	22148-22162.	








Rademann,	 F.	 Emmerling	 and	R.	 Kraehnert,	ACS	Nano,	 2010,	4,	
1076-1082.	





69.	N.	 Vandamme,	 E.	 Janssens,	 F.	 Vanhoutte,	 P.	 Lievens	 and	 C.	
Van	 Haesendonck,	 J.	 Phys.:	 Condens.	 Matter,	 2003,	 15,	 S2983-
S2999.	
70.	Z.	Wang	and	R.	Palmer,	2012.	
71.	N.	 Binsted,	 J.	 Campbell,	 S.	 J.	Gurman	 and	P.	 C.	 Stephenson,	
EXAFS	 analysis	 Programs;	 Daresbury	 Laboratory;	 Warrington,	
U.K.,	1991.	
72.	P.	 Giannozzi,	 S.	 Baroni,	 N.	 Bonini,	 M.	 Calandra,	 R.	 Car,	 C.	
Cavazzoni,	D.	Ceresoli,	G.	L.	Chiarotti,	M.	Cococcioni,	 I.	Dabo,	A.	
Dal	 Corso,	 S.	 de	 Gironcoli,	 S.	 Fabris,	 G.	 Fratesi,	 R.	 Gebauer,	 U.	
Gerstmann,	C.	Gougoussis,	A.	Kokalj,	M.	Lazzeri,	L.	Martin-Samos,	
N.	Marzari,	F.	Mauri,	R.	Mazzarello,	S.	Paolini,	A.	Pasquarello,	L.	
Paulatto,	C.	Sbraccia,	S.	Scandolo,	G.	Sclauzero,	A.	P.	Seitsonen,	A.	
Smogunov,	P.	Umari	and	R.	M.	Wentzcovitch,	J.	Phys.:	Condens.	
Matter,	2009,	21.	
73.	D.	Vanderbilt,	Phys.	Rev.	B,	1990,	41,	7892-7895.	
74.	J.	P.	Perdew,	K.	Burke	and	M.	Ernzerhof,	Phys.	Rev.	Lett.,	1997,	
78,	1396-1396.	
	
	
